The temperature-dependent behavior of aqueous solutions composed of a small amount of monodisperse poly(N-isopropylacrylamide) (PNIPAM) labeled at one or both ends with pyrene (Pyn-PNIPAM with n = 1 or 2) and a 10-fold excess of a non-fluorescent poly(Nisopropylacrylamide) (PNIPAM(22K), Mn = 22,000 g/mol) was characterized using steadystate (SSF) and time-resolved (TRF) fluorescence. Turbidimetry studies indicated that all samples exhibited two temperature-induced transitions: one at Tc, the cloud point of the pyrene-labeled polymers and one at Tc22, the cloud point of PNIPAM(22K). These two transitions were also inferred from a decrease in the excimer-to-monomer fluorescence intensity ratio, namely the IE/IM ratio, obtained from SSF spectra. TRF decays of the pyrene monomer were acquired and fitted with a sum of exponentials to obtain the number average lifetime <>. Plots of <>-versus-temperature also showed transitions at Tc and Tc22. The changes in behavior observed at Tc for both IE/IM and <> were consistent with those observed for solutions of solely Pyn-PNIPAM samples. The transitions found at Tc22 for the Pyn-PNIPAM solutions with PNIPAM(22K) were not observed in aqueous solutions of Pyn-PNIPAM without PNIPAM(22K). They were explained by invoking substantial mixing of labeled and unlabeled chains as temperature exceeded Tc22. This mixing could only occur if the mesoglobules composed of labeled chains were not "frozen" at temperatures above Tc22 despite forming stable entities in this temperature range. This phenomenon was rationalized by considering the difference in the characteristic reptation time of the chains found in a Pyn-PNIPAM and PNIPAM(22K) mesoglobule at temperatures larger than Tc22. 
INTRODUCTION
Poly(N-isopropylacrylamide) (PNIPAM) in aqueous solution possesses a lower critical solution temperature (LCST) first reported in the late 1960s. 1, 2 It is soluble in water at low temperatures but becomes insoluble once the temperature is raised above the cloud point (Tc).
The ability to use temperature to control the solubility of PNIPAM in water has triggered a major interest within the scientific community to characterize the interactions that take place between amphiphiles and PNIPAM, as the strength of these interactions naturally depends on the water solubility of the polymer. Amphiphilic materials investigated include hydrophobically-modified polymers, 3, 4 surfactants, 5 phospholipid bilayers, 6 and drugs. 7, 8 The interplay among hydrophobic substituents covalently attached to PNIPAM chains was assessed as well. [9] [10] [11] [12] The disruption of hydrophobic assemblies as PNIPAM chains dehydrate and collapse around Tc has been studied experimentally and discussed from a theoretical view point to a great extent. [13] [14] [15] [16] [17] [18] [19] [20] [21] Fluorescence spectroscopy is particularly useful to study how hydrophobes interact with each other and with the PNIPAM chain during the heat-induced phase transition of PNIPAM in water. Pyrene, a hydrophobic fluorophore, stands out as a powerful tool to study hydrophobically modified water-soluble polymers in aqueous solution. [22] [23] [24] [25] The widespread use of pyrene arises from its spectroscopic properties: the high quantum yield (0.32 in cyclohexane) and long lifetime of its emission, the sensitivity of its fluorescence spectrum to the polarity of the local environment, and the ability to form an excited dimer called excimer. [22] [23] [24] [25] [26] When pyrene absorbs a photon of UV light, the excited pyrene may either fluoresce in the blue region of the visible spectrum as an isolated entity, the monomer, with a lifetime τM, or it may encounter diffusionally a pyrene molecule in the ground-state and form an excited state dimer, or excimer. The excimer fluoresces in the green region of the visible spectrum with a lifetime τE0. Pyrene excimer may also form quasi-instantaneously upon direct excitation of 3 assembled ground-state pyrenes. 22 A relative measure of the amount of excimer produced can be estimated from the ratio of the excimer-to-monomer fluorescence intensity, the IE/IM ratio, computed from the experimental fluorescence spectra. Information about the mode of excimer formation, either quasi-instantaneous or diffusion controlled, can be gained from the analysis of the rise time of the excimer determined from time-resolved spectra and from the wavelength of the excimer emission maximum retrieved from the fluorescence spectra. 22, 25, 27 The photophysical properties of pyrene were exploited recently to monitor PNIPAM samples end-labeled with 1-pyrenylbutyl groups acting as hydrophobic substituents. Polymers ranging in molar mass (Mn) from 7.6 to 44.5 kg/mol were prepared and named Pyn-PNIPAM, with n equals 1 or 2, depending on whether one or both ends of the chain were labeled with pyrene. 27 Because pyrene is hydrophobic (its solubility in water is ~ 0.7 M), 28 the Py2-PNIPAM samples can be viewed as the fluorescent equivalents of hydrophobically-modified PNIPAM with lipophilic groups at both ends (lip2-PNIPAM), akin to industrially important rheology-modifiers 29, 30 that have been studied extensively in the scientific literature by F. M.
Winnik and colleagues. 6, 11, 27, 31 The Pyn-PNIPAM samples were found to be faithful reporters of the aggregation below and around Tc of lip2-PNIPAM chains in water as presented schematically later in the text (see Figure 2 ). 27 The formation of stable mesoglobules has been reported for a number of polymers in water and in organic solvents. 31 The properties of the mesoglobules depend on factors related to intrinsic characteristics of the polymers and to experimental protocols. 15, 32, 33 Various mechanisms have been proposed to account for the stability of mesoglobules. Electrostatic effects ascribed to low amounts of ionic species have been invoked. 34 Another mechanism is based on the viscoelastic effect, originally described by H. Tanaka. 20, 21 It stipulates that a collision of two mesoglobules is effective only if their contact time is longer than the time necessary to establish permanent chain entanglements via chain reptation. In the case of PNIPAM, the mesoglobules were shown to evolve from a fluid-like particle to a "vitrified" mesoglobules when heated 6 ~ 7 o C beyond Tm. 33 A recent refractometry study performed on aqueous solutions of unmodified PNIPAM has questioned this claim as it found that the mesoglobules were gel-like for all temperatures above Tc. 35 i.e. neither glassy nor frozen, two terms often employed in the scientific literature to describe the interior of stable mesoglobules. 15, 20, 33, 35, 36 The purpose of this study is to investigate the state of mesoglobules formed in aqueous solutions of semitelechelic (n = 1) and telechelic (n = 2) Pyn-PNIPAM samples. Specifically, we prepared mixed solutions that contained a small amount of Pyn-PNIPAM with a much larger amount of unmodified PNIPAM. s. The labelled polymers varied in terms of molar mass (7.6 < Mn < 44.5 kg/mol) and degree of labeling (n = 1 or 2). The same unmodified polymer, PNIPAM(22K) of Mn = 22.0 kg/mol, was employed in all the solutions. The cloud point, Tc22, of PNIPAM(22K) was higher than that of the Pyn-PNIPAM samples. Hence, the mixed solutions were expected to exhibit two cloud points, one at a constant temperature, Tc22, and the other at a lower temperature, Tc, characteristic of the Pyn-PNIPAM employed. Mixtures of PNIPAM(22K) and a Pyn-PNIPAM sample were prepared in two steps: the Pyn-PNIPAM chains were dissolved in cold water, which resulted in the formation of polymeric micelles, 5 then a solution of molecularly dissolved PNIPAM(22K) was added to the preformed polymeric micelles. These experiments were designed to assess if PNIPAM(22K) chain interact or disrupt the Pyn-PNIPAM micelles in water at room temperature and to monitor the evolution of the PNIPAM(22K)/Pyn-PNIPAM interactions as the solution temperature crosses Tc and Tc22. In most instances, mesoglobules of Pyn-PNIPAM formed at temperatures lower than Tc22 , allowing us to probe, by changes in the pyrene fluorescence, the interactions Pyn-PNIPAM mesoglobules with PNIPAM(22K) as the solution temperature passed Tc22.
EXPERIMENTAL
Chemicals: PNIPAM samples with a narrow molecular weight distribution and labeled at one or two ends with pyrene (Pyn-PNIPAM(X) with n = 1 or 2 and X being the number average molecular weight (Mn) of the polymer) were synthesized according to protocols described in an earlier publication. 37 The chemical structure of the Pyn-PNIPAM samples is shown in Figure   1 . The samples used in this study, as well as their Mn and polydispersity index (PDI) values, are listed in Table 1 . Unmodified PNIPAM with a molecular weight of 22 kg/mol (PNIPAM(22K)) was purchased from Sigma-Aldrich and used as received. Milli-Q water with a resistivity of over 18 MΩ·cm was used to prepare all aqueous solutions and ethanol (HPLC grade reagent alcohol) was supplied by Fischer Scientific. nd heating ramps were conducted on a same day however and could be compared.
The fluorescence spectra, that monitored the behavior of the pyrene hydrophobes, were acquired from 350 to 600 nm by exciting the solution at 342 nm. They were analyzed to obtain the monomer (IM) and excimer (IE) fluorescence intensities that were used to calculate the IE/IM ratio which is a measure of the efficiency of the sample at forming excimer. IM was typically determined by integration of the fluorescence spectrum from 372 to 378 nm which corresponds to the 0-0 transition of pyrene in the fluorescence spectrum. IE was obtained by subtracting the fluorescence spectrum of the Py1-PNIPAM(25K) sample acquired at the same temperature from the spectrum of a given Py2-PNIPAM construct after normalization at the 0-0 transition.
The Py1-PNIPAM(25K) sample was selected for this purpose as it generated hardly any excimer. 27 The trace obtained after subtraction was integrated from 420 to 600 nm to obtain IE. This procedure has been described in detail in an earlier publication 27 and it was applied to the Py2-PNIPAM samples due to the shift of the excimer fluorescence observed at temperatures greater than Tc. The fluorescence spectra were also analyzed to obtain the wavelength (max)
corresponding to the maximum of the excimer fluorescence intensity. To this end, the fluorescence spectra were fitted with a polynomial between 435 to 535 nm. The derivative of the polynomial with respect to wavelength was determined and the wavelength were the derivative equaled zero was selected as max. Since the excimer fluorescence maximum of the Py1-PNIPAM samples did not shift with temperature, IM and IE were determined by taking the integral under the fluorescence signal from 372 to 378 nm and from 500 to 530 nm, respectively.
Time-resolved fluorescence:
The fluorescence decays were acquired with an IBH time-resolved fluorometer using a 340 nm nanoLED as the excitation source. The Pyn-PNIPAM aqueous solutions were excited at 342 nm with the excitation monochromator and their emission was monitored at 375 nm with a 370 nm cut-off filter for the monomer fluorescence decay acquisition. The cut-off filter was used to minimize stray scattered light from reaching the detector. The pyrene monomer fluorescence decays were fitted with a sum of exponentials using Eq. 1.
The variables ai and τi in Eq. 1 refer to the i th pre-exponential factor and decay time, respectively, obtained from the multi-exponential fit of the decays and are provided as Supporting Information (SI). They were optimized by using the Marquardt-Levenberg algorithm. 38 Eq. 2 was used to calculate the number-average lifetime <τ> of the fluorescence decays of the pyrene monomer.
Excimer fluorescence decays were also acquired but their quantitative analysis was complicated by a short rise time that overlapped with a short decay component at the early times that was attributed to residual LS despite the use of cut-off filters. These complications were expected since the excimer fluorescence signal decreased dramatically for all Pyn-PNIPAM samples at temperatures larger than Tm. Consequently, the results obtained from the analysis of the excimer fluorescence decays were not discussed herein.
RESULTS AND DISCUSSION
The experiments presented hereafter were performed on solutions set initially at 20 o C, a temperature for which PNIPAM (22K) b: all Py1-PNIPAM samples have the same turbidity profiles.
An earlier examination of the pyrene excimer fluorescence of aqueous Pyn-PNIPAM samples without excess PNIPAM(22K) led to the conclusion that all Pyn-PNIPAM samples form glassy mesoglobules around 33 o C, the value corresponding to Tc22, which is higher than
Tc of the respective Pyn-PNIPAM samples. 27 In mixed solutions where the Tc of Py2-PNIPAM is lower than Tc22, the dehydration of PNIPAM(22K could lead to the mixing of the two 
PNIPAM(25K). In the case of Py2-PNIPAM(45K) the IE/IM ratio shows a single transition at
Tc (see Figure 4B , which presents an expanded view of the data). This polymer does not form micelles in water at room temperature. The excimer emission is weak throughout the temperature range probed here, such that the minor changes in IE/IM cannot be detected reliably.
In Figure 4B , we present the temperature variation of IE/IM recorded for two successive heating 
a combination of all these effects as they are all expected to occur upon mesoglobule formation.
However, an earlier study 27 Pyrene aggregates are known to absorb light less effectively than single pyrenes forming excimer through diffusive encounters. 39, 40 This effect may also account for the decrease of IE, and consequently IE/IM, at Tc and Tc22. Changes in excimer stacking can be inferred from a shift in the wavelength of maximm emission (λmax). A blue-shift in emission corresponds to overall higher levels of pyrene aggregation. 27 The λmax values, calculated by fitting the excimer fluorescence spectra with a polynomial and finding mathematically the wavelength corresponding to its maximum, are presented in Figure 5 . They display a sharp blue-shift around the respective Tc, of each Py2-PNIPAM, implying a significant change in the mechanism of excimer formation at Tc. A blue shift in excimer fluorescence is usually attributed to a switch in excimer formation from diffusive encounters between pyrene labels to direct excitation of pyrene aggregates. 22, 27 The decrease in excimer formation observed ( Figure   4 ) at Tc for each Py2-PNIPAM sample and associated with the blue shift in excimer fluorescence also occurs also at Tc as shown in Figure 5 . This coincidence suggests that the formation of mesoglobules by the Py2-PNIPAM samples at Tc leads to a reduction in excimer formation by diffusion consistent with a reduction in pyrene mobility. Therefore it is reasonable to assume that the similarities in decay times observed for the Py1-PNIPAM samples around Tc22 in Figure 8 with that drawn from an earlier study of the mixing of pre-equilibrated mesoglobules of naphthalene-and pyrene-labeled PNIPAM which were found to undergo substantial mixing between 31 and 36 o C. 33 This earlier study revealed that mesoglobules pre-equilibrated at 40 o C did not merge, a point that cannot be detected in the current study focused on the early stages of mesoglobule formation and merging. To reconcile this phenomenon at odds with H. Tanaka's hypothesis, we consider that although the PNIPAM chains are not "frozen" in Pyn-PNIPAM mesoglobules at temperatures between Tc and Tc22, the repPy for Pyn-PNIPAM chains is much longer than rep, the reptation time of unlabeled PNIPAM. The hydrophobic pyrenes assembled within the mesoglobules act as physical crosslinkers and hinder chain motion. Such a phenomenon has already been recognized for hydrophobically modified PNIPAM mesoglobules. 15 While repPy for the Pyn-PNIPAM mesoglobules is too long to enable the reptation of a Pyn-PNIPAM chain into a colliding PNIPAM(22K) mesoglobule, rep22 for a PNIPAM(22K) chain in a non-fluorescent mesoglobule formed at Tc22 and deprived of hydrophobic aggregates is expected to be much shorter than repPy. The shorter rep22 would enable the reptation of PNIPAM(22K) chains into a Pyn-PNIPAM mesoglobule upon collision, followed by the formation of entanglements, the coalescence of the mesoglobules, and the dilution of the pyrene labels within the PNIPAM matrix. In turn this process would promote the disaggregation of the pyrene aggregates which would reduce repPy and further promote mesoglobule coalescence, thus resulting in the massive decrease in excimer formation described throughout this report.
CONCLUSIONS
In summary, this study has established, first, that the Pyn-PNIPAM samples go through their cloud point at Tc (< Tc22) and form mesoglobules that involve some mixing with PNIPAM(22K)
in aqueous solution and, second, that the Pyn-PNIPAM mesoglobules are sufficiently malleable at temperatures above their respective cloud point to allow substantial mixing with PNIPAM(22K) above Tc22. Yet, the motion of the Pyn-PNIPAM chains is hindered by the hydrophobic pyrene aggregated within the Pyn-PNIPAM, which increases their reptation time, compared to the reptation time of PNIPAM(22K) chains. Although the Pyn-PNIPAM mesoglobules appear to be dynamically frozen, since the Pyn-PNIPAM mesoglobules do not coalesce above their respective Tc value (see Table 2 ), the PNIPAM chains connected to the pyrene labels remain sufficently mobile to permit reptation of PNIPAM(22K) at Tc22. The dilution of the pyrene labels in the mixed mesoglobules decreases the local concentration of pyrene aggregates which progressively reduces repPy to rep22, at which point the pyrene labels are isolated inside the PNIPAM matrix of the mixed Pyn-PNIPAM/PNIPAM(22K) mesoglobules which are then expected to behave in the same manner as pure PNIPAM (22K) mesoglobules. In summary, this study represents a new illustration of the complex behavior of PNIPAM mesoglobules which was identified by pyrene fluorescence and could be rationalized from the difference in rep values that exists between the hydrophobically modified and unmodified PNIPAM chains constituting their respective mesoglobules. In turn, such effects could be taken advantage of in the future to control the internal fluidity of mesoglobules made of hydrophobically modified thermoresponsive polymers, and thus their stability in solution,
by adjusting the level of hydrophobic interactions taking place between the hydrophobes.
